In oil industry, decisions related to field development take into consideration scenarios that involve many uncertainties and high investments. Thus, a comprehensive decision analysis process is necessary to select the production strategy that maximizes field performance considering these uncertainties. For the selection of a production strategy, two main groups of optimization variables may be considered: design and control variables. The design variables relate to the development of the field, and cannot be altered after the implementation of the strategy (e.g. capacity of the platform, number and position of wells). On the contrary, control variables relate to the management of the field, and can be altered daily by the companies (e.g. production and injection rates). However, even with a robust production strategy selection process, unexpected or undesirable events can occur and decrease the economic efficiency of the project. The objective of this work is to evaluate the use of control variables when undesirable events occur after the implementation of a production strategy, to improve the economic performance of the project. Two production strategies are used: one that uses only water flooding and other one prepared for polymer flooding. The simulation model is based on a heterogeneous heavy oil offshore field. Two approaches (undesirable events) are considered in this work: (1) polymer degradation and (2) a geologic model that is different than the expected one. The results show that the economic performance can be improved greatly by simply adjusting the control variables for the described situations. Moreover, the gain in the polymer flooding case is higher than for water flooding, because of the higher number of optimization variables, such as polymer solution concentration and slug size, giving more flexibility to this kind of project.
INTRODUCTION
Decision analysis is a structured way of thinking that allows the decision maker to visualize the possible actions that can be taken in the face of a given problem or procedure (Cunha, 2007) , combining the elements of risk and the uncertainty in a quantitative manner (Hayashi et al., 2007) . In oil industry, a fundamental decision in regards to the selection of a production strategy seeks to reach the best field performance. When using enhanced techniques, such as polymer flooding (Needham & Doe, 1987; Sorbie, 1991) , this kind of process becomes even more important, since there are more phenomena and uncertainties involved.
However, it is important to highlight that the decision analysis does not eliminate the risk and the uncertainty in the decision-making, but it provides tools to evaluate, quantify, and understand the risk involved in the process (Newendorp & Schuyler, 2000). Thus, after conducting a decision analysis process, and the strategy is already implemented, some unexpected or undesirable events may occur, which can cause a decrease in the economic efficiency of the project.
In optimization processes, the optimization variables can be divided into two main groups: design variables (G1) and control variables (G2) (Gaspar et al., 2016) . The difference between them is that G1 variables cannot be changed after the strategy is implemented (some examples are the number and location of the wells and platform capacity), while G2 variables can be altered during daily operations of the companies (some examples are production and injection rates). Lamas and Schiozer (2016) analyzed the effects of G1 and G2 variables for different production strategies, considering water and polymer flooding. This paper aims to evaluate the effects of G2 variables when undesirable events occur after the decision-making process, in which the production strategy is already defined. The objective is to improve the economic return of some project options by the re-optimization of control variables, avoiding larger losses caused by undesirable events. To achieve that goal, two production strategies are used: one considering polymer flooding (strategy SP) and another one considering water flooding (strategy SW).
METHODOLOGY
Two different approaches are addressed in this work, representing different events that can occur after a production strategy implementation:
(a) Occurrence of polymer degradation; (b) Four years after defining the strategy, the geological uncertainties are reduced to a level that the simulation model can be treated as deterministic (i.e. the uncertainties can be disregarded), and it is different from the model that the strategy was optimized for.
For approach (a), we use only the strategy that was optimized considering polymer flooding (SP), while in approach (b) we apply also the optimized strategy considering water flooding (SW). Besides the different recovery mechanisms, other differences between the strategies are the number and the location of wells (see Application Section).
The control variables optimization process consists in the maximization of Net Present Value (NPV -Equation 1). The NPV consists in the sum of cash flows over time, brought to a present value through a discount rate. In this work, the cash flows consist in revenues from oil production; costs from oil and water production; costs from water injection; and, for polymer flooding strategy, the costs from polymer injection.
The optimization variables are listed below: 1) Well BHP pressure to control production and injection rates; 2) Economic water cut limit for well shutdown;
3) Polymer bank size and start date (only for polymer flooding strategy); 4) Concentration of polymer solution (only for polymer flooding strategy).
(1)
The methodology of approach (a) consists of the following steps: Specificities and more details about each approach are addressed in the next topics.
APPLICATION
The base simulation model used in this work represents a heterogeneous heavy oil offshore field. Figure 1 shows the tridimensional permeability map and the strategies considering water flooding (SW -left) and polymer flooding (SP -right). Strategy SW has 24 wells (21 producers and 3 injectors) and strategy SP has 19 wells (15 producers and 4 injectors). Table 1 shows the main parameters of the model, while Table 2 shows the economic parameters used for NPV calculation. The Dykstra-Parsons coefficient of this model is about 1.7025. Table 3 shows some parameters of the representative models used in this work.
First Approach -polymer degradation
This first approach applies only for polymer flooding strategy (SP). Polymer flooding is a chemical enhanced oil recovery that consists of adding polymer to the water injection, increasing its viscosity and improving the mobility ratio and the sweep efficiency which the viscosity of polymer solution decreases to half of the original). In this study, two values for half-life time were considered: 1 year (stronger degradation) and 2 years (weaker degradation). Hence, the values obtained for RRFT were 0.00189723 and 0.00094907, respectively.
(2)
Another possibility tested here is the injection of water in strategy SP to verify if this option presents a better or worse performance than that of the SP with degraded polymer. Table 4 shows the NPV values for strategy SP, including the situation when polymer is degraded and also the situation when water is injected in this strategy instead of polymer, before and after G2 variables optimization.
Botechia et al. (2016)
showed that it is important to consider the recovery mechanism when optimizing the production strategy (G1 variables). One can see in Table 4 that the worst situation is the injection of water in the strategy that was prepared for polymer flooding (23% of financial loss), being even worse than polymer degradation. The optimization of control variables could improve the performance in 5% for this case, reducing the loss from 23 to 18%.
The highest gain due to G2 optimization occurred in the case with stronger degradation (half-life of 1 year), with an increase of 21% in NPV in comparison with the variables not optimized. Thus, the strategy presented almost the same efficiency of the base case, losing only 2% in economic performance. Similar behavior occurred for the case with weaker degradation (half-life of 2 years), reducing the financial loss from 15 to 2%. Table 5 shows the differences in cumulative oil production (Np) for the situations addressed in this work. It also presents the variation in the total mass of the injected polymer. Note that the improvement in Np due to control variables optimization is not as great as the improvement in NPV (the best case could improve the recovery in 5%, diminishing the production loss caused by polymer degradation from -13 to -9%). However, the amount of injected polymer increases with degradation, and this amount is adjusted after the G2 optimization. In fact, when a polymer degrades, more of the polymer is spent (reflecting in the economic performance), but with less efficiency, since the solution viscosity decreases in this case. After adjusting the control variables, the polymer solution concentration and the bank size decrease, impacting the amount of injected polymer and, hence, the money spent in the project. This adjustment in the amount of injected polymer is the main reason for the great improvement in NPV.
The fact that polymer flooding has more control variables (polymer solution concentration and bank size) than the water flooding strategy leads to higher gains for that technique in relation to the case in which only water is injected. Hence, the economic improvement in the case of water injection is not as great as in the case of the injection a degradable polymer.
Second Approach -geologic model is different than initially expected
The idea here is to apply strategies SW and SP in some representative models and optimize G2 variables, to verify if it is possible to improve the strategy without changing project parameters.
Strategies SW and SP were submitted to simulation in 7 representative models (RM). In all cases, it was possible to improve the performance of the strategy by changing control variables. However, if the NPV for the strategy SW is higher than SP in a determined model (for example, SW strategy was better than polymer flooding in RM2, RM3, RM5, and RM7), the strategy SP is not capable of overcoming the performance of SW, even with the G2 variables optimization. The same is valid for the models in which SP is better than SW (RM1, RM4, RM6 e RM7); the G2 optimization can improve the performance of SW strategy in these models, but is not enough to surpass SP performance. This means that project variables (group G1, like number and location wells) have more impact in these results than G2 variables.
Another point to note is that in some cases for polymer flooding strategies there was a reduction in produced oil after optimization (RM1 and RM7 - Figure 3 ). However, this reduction was followed by a significant decrease in the polymer injection cost (which means less mass of polymer needed to be injected to improve performance). This result shows the importance of considering polymer cost in optimization processes of polymer flooding, since an increment in oil production may not result in better economic performance, due to these extra costs related to polymer injection.
The average improvement in NPV was significantly higher for SP strategy in relation to SW (13% against 4% - Table 6 ). This difference is caused by the highest flexibility in polymer flooding case, due to higher number of G2 variables, as already addressed in the previous approach. However, this increase in NPV is mainly due to the reduction in polymer injection cost rather than in the increase of oil production. In fact, the average increase in oil production was higher for water flooding in relation to polymer flooding (4% against 2%).
It is noteworthy that this approach considers that the production strategy is already implemented, so that only control variables can be altered. If the production strategy is not developed yet, it is possible to optimize G1 (project) variables.
CONCLUSIONS
This work presented a method to improve the performance of a production strategy after its implementation, in case some unexpected or undesirable event occurs, through the reoptimization of control (G2) variables. It considers strategies with design variables (G1) optimized for water and polymer flooding. Two approaches were addressed in this paper: occurrence of polymer degradation and the finding that the geologic model is different than it what was initially expected.
Both strategies (water and polymer flooding) had their performance increased after G2 variables optimization, but polymer-flooding strategy had the highest gain. This happened because this mechanism has more control variables to be optimized in relation to water flooding (slug size and concentration), giving more flexibility to this kind of project in relation to the water flooding one. Moreover, in some cases, the increment in economic performance is mainly due to reduction in polymer cost (less polymer mass injected) than to increase in oil production. Thus, it is important to analyze this kind of project with economic indicators, since it generates extra costs and an increase in oil production does not necessarily reflect a higher economic gain.
The procedure shown in this paper can be adapted for production strategies that use other types of recovery mechanisms (changing or including other variables) and for other kind of unexpected events. 
